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Abstract 
This paper describes an inertial navigation system (INS) for autonomous quad copter application, based on Fiber Optic 
Gyroscopes (FOG). As the FOG lack the mechanical components of the age old traditional Gyroscopes, they show good 
performance in terms of weight, size, sensitivity, robustness and resistance to physical forces. These characteristics make a 
FOG very efficient and extremely useful in strap down altitude navigational systems using heading reference. In this paper, 
an effort has been made to design and test run an INS based on FOG, which tries to satisfy the generic positioning 
requirements for typical UAS applications. The paper also cover lab-evaluations of testing the response of the system based 
on several test cases which also include errors owing from alignment and those induced by the sensor itself. Simulation 
results suggest good performance of the test system developed. Detailed results of system simulation are also reproduced. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. INTRODUCTION 
FOG  are the latest inertial sensors that have replaced the traditional mechanical gyroscopes [1], owing to 
promising advantages like no moving parts, substantially nil loss, negligible wear, long life, vibration resistance 
and shock resistance, flexibility in design and configuration, wide dynamic ranges, low cost and so on. FOG  
have already found a wide range of application in military use in aerospace, missile navigation, vehicle 
navigation, and satellite navigation to civil use in oil drilling, robotics, structures and many more[7]. 
According to deployment methods, a FOG [2] system can be distinguished as either single-axis or multi 
axes. The single axis gyro was developed in early year; and gyros with many different kinds of specifications, 
are being manufactured for various uses in the electronics market. Scope of advancement in single-axis field is 
to miniaturize and linearize of the output [6]. It has already been used in many fields.  The multi- axes 
integrated FOGs were once  the focus of study but now their work had become vintage.  
In this paper, effort has been made to design and test run an INS based on FOG, which satisfies the generic 
positioning requirements for typical UAS  applications. The paper also covers lab-evaluations of testing the 
response of the system based on several test cases which also include errors owing from alignment and those 
induced by the sensor itself. 
The rest of this paper organized as follows. In Section 2, the design of the three axes inertial navigation 
system. In Section 3, calculation algorithm is introduced. It comprises of two simultaneous activities involving 
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integration at high and low rates. In Section 4, simulation results are shown to get a detailed analysis of INS 
system. Finally, the paper ends with conclusion remarks in Section 5. 
  
2. DESIGN OF THE 3 AXES INS 
After zeroing down on the requirement of cheap, simple, small, power healthy and robust design, we have 
developed a three axis Gyroscope by integrating three different gyroscopes for yaw, pitch and roll orthogonal 
axes. Fig. 1 shows the schematic for one of the three axes: 
 
 
 
Fig 1. Schematic of Single Axes Gyro 
 
A digital closed loop interferometric FOG has been used, which is commonly available off-the-shelf for 
varied uses. FOG primarily consists of a coherent light source, a directional coupler, an optical detector, an 
optical fibre Coil, light source controlling circuitry, signal processing circuitry etc. Three of similar setups are 
placed together to form the basic structure of the INS, such that the places of each optical fibre loop are 
orthogonal to each other. Fig. 2 shows the logical connection of such a scheme. 
 
 
 
Fig 2. Integration of three Gyros 
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To further simplify the approach, a quadcopter like scenario was simulated.  The setup was attached to a 
spring balance hooked to the ceiling through a Y-shaped truss attached to a string. This was done so that 
desired movement in a cubic meter could be achieved. 
3. CALCULATIONS 
The calculation algorithm is depicted in Fig 3. It comprises two simultaneous activities involving integration 
at high and low rates. Primary angles and transitions in speeds is obtained by integrating the measurements of 
the gyro and the accelerometer at a high speed, typically up to five hundreds of rotations per second. The 
resultants are then integrated at a lower speed rates one-fifth the high speed to generate altitude, position and 
angular velocity. However, since the integration rates are very high, therefore, the summation of angles and 
accelerations do not match exactly with the real movements of the body. These needs to be further processed 
and corrected in order to reduce the nonlinear aspects that lead to errors. Also, since the gyroscope sense 
changes with respect to a stationary frame, the earth rotation and movement rate must be compensated for 
before integration. Velocity and position are then calculated keeping in view that the earth is not spherical and 
gravity changes with geography.  
 
Fig 3. INS calculation algorithm 
4. RESULTS 
Next, simulation is done to get a detailed analysis of the INS System. In the simulation method adopted, 
the INS system is allowed to sense and measure the angles of tilts in the three axes namely the pitch, the yaw 
and the roll. This included the acceleration and rate of change of orientations, and the outputs such generated 
from the stimulus that drives the reference model. Thereby comparing the outputs of the model with those of 
the system reference, the behaviour of the INS could be ascertained. The Monte Carlo simulation has been 
adopted. A source of an error in the INS is modelled as a random process. Various simulation instances were 
carried out to generate correlated sets of parameters each for position, altitude, and velocity samples as 
presented by the INS. 
The path profile is based on a x, y, z axis model i.e. two degrees of freedom per axes, totalling six. It is 
then presumed for the sake of simulation that the hanging INS chassis (the reference model) is at 45 degrees 
north latitude and points to the true north. The chassis is then subjected to a series of maneuvers as shown in 
Fig. 4.  
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Fig 4. Maneuvers 
Initial errors, namely tilt, velocity, drift, white noise (gyroscope originated), drift (east), vertical bias and 
north acceleration were computed. Principle of superposition is applied, wherein individual errors are recorded 
assuming the other errors at zero (null). Simulation results are shown in a Fig. 5 to 10. 
  
 
Fig 5. Initial North Orientation 
Fig. 5 shows that the initial pitch error is populated  instantaneously and as time passes, the roll error 
appears. It also seems that the yaw error also increases with increasing time. 
 
    Fig 6. Initial Error Due Velocity 
Fig. 6 shows that the position and velocity errors grow with time.   
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Fig 7. East Plane Orientation of Gyro 
Fig. 7 shows, When the chassis points towards north then gyro in the east plane directly affects the pitch. 
 
 
Fig 8. Noise due East Plane Gyro 
Fig 8 shows that the noise level in the pitch error is high. Accordingly, roll and yaw errors are less noisy as 
they are unaffected by the East plane Gyro. 
 
 
 
Fig 9. Bias of Vertical Gyro 
Fig. 9 shows the Error of vertical Gyro couples with the pitch and roll thereby affecting them. However, 
major effect is seen on the yaw. 
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Fig 10. Error Due North Accelo 
Fig. 10 depicts that due to the North orientation, the pitch error is high. However, this error also affects roll 
and yaw due to coupling effects. 
 
5. CONCLUSION 
This paper presented a novel design of an Inertial Navigational System based on FOG. The proposed design 
has less mechanical components and showed good performance than the traditional Gyroscopes in terms of 
various parameters like weight, size, robustness and resistant to physical forces. The simulation results give a 
detailed analysis of INS systems. The initial errors namely tilt, velocity, drift, gyroscope originated white noise, 
east drift, vertical bias and accelo were computed in terms of individual positions, altitude and velocity errors 
like pitch, roll and yaw. Initial pitch error is populated instantaneously and as time passes, the roll error 
appears. The yaw error also increases with increasing time. Position and velocity errors grow alongside time. 
Since the gyro in the east plane directly affects the pitch. when the chassis points north, the noise level in the 
pitch error is high.  Accordingly, roll and yaw errors are less noisy as they are unaffected by the East plane 
Gyro. Error of vertical Gyro couples with the pitch and roll thereby affecting them. However, major effect is 
seen on the yaw. Due to the North orientation, the pitch error is high. However, this error also affects roll and 
yaw due to coupling effects. 
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